
11 A 4 8 MECHANISMS OF EXCITING PRESSURE OSCILLATIONS IN RAMJET 9
FNGINES Ul CALIFORNIA INST OF TECH PASADENA

F ULICK ET AL. 04 OCT 83 AFOSR-YR-84-0959

A I I )F G 2 1



1/ :.

I/.

I. SI

'IiI1*1



UN( 1ASST'-'

IE PORT~a SIJRT D A 4 7  818 TATION PAGE

2. SI[CLJI?, CLASSWF- .*JN AUII4ORITV 3 DISTRIS1UTIONIAVAILABILITY OF REPORT

2b DECLASSIPICATION'OOWNiGRAOIP4GSC.410ULt Approved for public release;
distribut ion unlimited.

4 PERFORMING ORGANIZATION RIPVORT NIJM11111S)RS 5 MONITORING ORGANIZATION REPORT NUM*EP1IS)

AFOSR-TR. 84-0959
6* NAML OF PERFORMING ORGANIZATION b OFF ICE SYM11OL 7& NAME Of MONITORING ORIGANIZAT ION

California 7nstitute of 4I pjeb~

6c ADOPRESS (C.15, Slot, and 11P Codto 7b ADOPIE" (Coto &late end ZIP code)

Pasadena, CA 91125

Be NAME OP FLJNDINO/SPONSORINC OFFICE SYMSOL 9 PROCUREMENT INSTRUMENT IO1INTIFICATION NUMBER
OR11GANIZATION AIR FPCE fI apploorabitAAO 006

OFFICTE OF SCIENTrIFIC RESEAR0I1 NAAFS8-06
Il ADCORESS (',I Sia. and ZIP Codej 10 SOURCE OfFPUNDING NOS

PROGRAM r PROjCT TASK WORK UNIT
IWLLING AFB3 DC' 20332-6448 LE ME NTNO NO. NO. 11O

-rTAI"'""IAH"'fesr Oscilain 61102F j 2308 A2

12 PERSONAL AUTHOR III

F.E.C. Culick, F.E. Marble, E.E. Zukoski
13e. TYPf OP REPORT 13b TIME COVERED6 11 ATE OF REPORT I l,. Mo.,LjoyI F5AGEI COUNT

FINAL ROM ~ O~j~j8 4 October 1983sxte
16 SUPVIIM&%TA1Y NOTATION

17 COSATI COOES 14 SUBJECT TERMS lCoollonw on ,,eiorae if noreearm aftd Adeottfy by bcef RomNlo ,

FIELD GROUP $4611 6O Ramjet Engines Combustion Instability ~
Dump Combustors

39 ABTRPACT tCa"Otw on Mo~ of teri and Identify by blotS ftuenbepg

I Analytical work devoted to the global acoustics has been concerned with boi
linear and nonlinear behavior. Good agreement has been found between calculations of
the mode shapes and data taken at the Naval Weapons Center. Numerical calculations
are in progress to provide representation of the nonlinear unsteady behavior of a
normal shock wave In an inlet diffuser, Including viscous effects.

Experimental investigations of combustion have been carried out with pressure,
spectral line intensity and flow visualization techniques In a burner equipped with a
bluff body flameholder. When the combustion Is stable, the flow In the flameholder shear
layers has many of the characteristics of Isothermal shear layers. When unstable
combustion occurs. the shear layers are characterized by large vortices which are
shed from the flame holder lip. The self excited oscillations appear to result from a
coupling between the vortex production mechanism and nonsteady heat addition in the -

Va DIST NO $T IONIAVAILAG LOT V OP AeSIRACT lit A6TAACT SICU111TV CLAMOICA?.Of

46NCLASSIP160160011.1IID QSAME AS APT C3 OTIC USSRS 0 UNCLAVSSIFIED
JULNAIN OP T11SOISHKOF IRIIDA 22 FOSRft tyaf e 011 KAe

JULI AM M TIS4I51ENOUA 12. ?LEOM 35 FEUMSER N

DD FORM 1473.63 APR 8*OSTION ofV tJAt 73 4 OLUS. URCLASSIFIZD

OTC FILE COPY 4"CRT Lnlt~lNOTIPG
-7.



UNCLASSIFIED)

SICU~ilTV C:A5SIPICA?,Of Ott THIS PAGW

vortex. Both steady and nonsteady processes are being studied.

"'Calculations of the pressure pulse from a flame wound in a plane vortex have
been completed and show the manner in which the pressure peak and time delay scale

fwith system variables.
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I. RESEARCH JBJECTIVIS

This report covers the third year of a program concerned with the

mechanisms for low frequency pressure oscillations in ramjet engines. Both

analytical and experimental work are Included. The analysis covers both

detailed examination of specific mechanisms and the acoustical framework

within which the relative influences of various mechanisms may be assessed.

The experimental work is initially being performed in a small scale laboratory

dump combustor. Subsequent tests related to the problem of scaling will be

carried out in a larger facility at the Air Force Aero Propulsion Laboratory.

A. Analytical Work

1. Modelling the Steady Flow Field in a Dump Combustor

As part of the basis for carrying out analysis of the unsteady

motions, it Is necessary to have a model of the steady flow field. The

purposes of the present program, items 2 and 3 below, will be adequately

served by a relatively crude approximation to the actual field. We intend

to assume that combustion occurs in a flame sheet anchored at the dump plane.

Ignition of the incoming flow is sustained by hot gases supplied from the

recirculation sone which is separated from the main part of the chamber by

a shear layer. We shall approximate the shear layer as an Infinitesimally

thin discontinuity of velocity. To the greatest extent possible, integral

methods will be used to formulate approximate solutions for the various

regio of the chier. Irrors in the representation of the steady flow

field can be tolerated becAus the results will appear only as parts of

integrals i the analysis of the acoustic field.

distribut lo ongl tsIte.

' -



I
Pane Two

2. Analysis of the Linear Acoustic Field

The description of the acoustic field will be constructed In the manner

used to analyze corresponding problems in liquid and solid rockets. Modifi-

cations will be required to accommodate the strong gradients of the average

temperature and velocity fields. Moreover, account must be taken of the

inlet shock system and the high speed flow in the inlet.

3. Analysis of Nonlinear Acoustics

Approximate techniques, developed and used for studying pressure

oscillations in solid propellant rockets, will be used to analyze non-

linear behavior in ramjet engines. The ultimate purpose Is to understand

the processes responsible for limiting the amplitudes of steady oscillations.

The nonlinear behavior of a shock wave in a diffuser will be treated numerically

to provide the upstream boundary condition for the acoustics field.

4. Comparison With Data

Results of the analyses will be used to correlate and interpret data.

In addition to data acquired In the present program, we shall be supplied

with observations and measurements taken with a laboratory combustor

operated at the Naval Weapons Center, China Lake. Predicted behavior of

the shock wave in a diffuser will be compared with data taken at NWC and

at the McDonnell-Douglas Research Laboratory.

5. Analysis of Non-steady Combustion Fields

The work concerning the behavior of flames and combustion in vortex

structures has revealed a surprising order and simplicity of the overall

reactant consumption rate, In contrast with the general complexity of the

gas-dyamic field. Host of the results to date (1) deal with initially.-

un-sized gaseous reactants, (11) treat the field of a single vortex rather

than a group of interacting vortices and (i1) do not treat the development
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of concentrated reacting vortices from reacting free shear layers. Each

of these items underlies an essential novel process in reacting gas-

dynamics.

The novel feature of the vortex combustion of pre-mixed reactants lies in

the quite different behavior of premixed flames, under conditions of

straining and extension, from diffusion flames. These differences have

important implications in the time-dependent behavior of overall combustion rate

as a function of time. This time dependent combustion pulse is one of the

fundamental concepts of reacting gasdynamics and is an essential element in

high frequency instability mechanisms.

Studies of multiple vortex structures will be started this grant year

by considering the plane vortex pair and the annular (ring-shaped) vortex.

The thorough understanding of their combustion characteristics is essential

in the understanding of non-steady combustion of jets and slot burners.

Moreover it constitutes the first step in fundamentals of non-steady

combustion in complex gas-dynamics fields. Studies of a vortex pair,

situated on the boundary of a fuel strip and a strip of pre-mixed reactants

will be continued through the next grant period with a reasonable expecta-

tion of completing work on the vortex pair.

Two specific mechanisms for self-excited combustion oscillations

were proposed at the initiation of this grant. The first was associated

with vortex shedding from flame holding devices, the vortex shedding

being forced by the acoustic oscillations that were, in turn, excited

by the delayed combustion of these vortex structures. The frequencies

of these oscillations is in the kilohertz range and involves, In an

essential wy, the Interaction between flae chemistry and flme straining

rate. The second has to do principally with the Kelvin-Reluholts instability

of vortex sheets shed from curved flme fronts. This unstable flow distorts
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further the flame front augmenting the strength of the vortex sheet

and feeding the Kelvin-Helmholtz instability. During the next grant

period this mechanism will be developed for pre-mixed reactants.

B. Experimental

The general objectives of the experimental program are to acquire

data concerning unstable combustion so that we can obtain a better under-

standing of this phenomenon in general. The system used in this study

is a simple model of a dump burner configuration such as that which would

be used in a ramjet system, but the results will be more generally

applicable to any system utilizing a bluff body type of flame holder.

The experiments are being carried out in a premixed stream of fuel

and air and methane is the fuel. A small blowdovn facility is being

used and the instrumentation includes time and space resolved measurements

of the pressure and the intensity of radiation from several spectral bands.

Flow visualization techniques include the use of shadowgraph photographs

with both microsecond duration spark light source and high speed movies.

Simultaneous measurements of light intensities and pressure fluctuations

at a number of positions in the duct allow us to obtain the good qualitative

picture of the interaction between pressure and heat release fluctuations

which is required for the development of physical models for the instability

process.

Changes in the acoustic damping of various parts of the supply system

allow us to determine the respoe of the combustio process to pressure

perturbations with a remus of frequencies.

Data are acquired at a rate of SktI per chanel sad spectral amalyses
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of several type are being carried out.
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11. STATUS OF RESEARCH

A. Analytical Work

I. Modelling the Steady Flow Field in a Dump Combustor

The modelling of the steady flow field was completed during the

second year and numerical results have been obtained. It is convenient

to divide a complete engine into three parts: the inlet duct, the

main combustion region in the combustor, and the zone within the combustor

but downstream of the combustion tons. With the ass1mption that both the flame

sheet and the shear layer are adequately represented as infinitesimally

thin sheets, the combustion some comprises three regions: the unburnt flow

of reactants upstream of the flame, and the recirculation zone also con-

taining products of combustion.

An integral method has been used to treat the flows upstream and dow-

stream of the flam sheet. The solutions are matched at the flame sheet.

As an approximation, the vorticity is samumed uniform within the recircula-

tion tons. Solution for the velocity field is them obtained numerically.

and matcbed to the flow ( 'ombustion products at the shear layer.

The results have shown reasonable behavior for the shape of the

flame sheet and of the surface representiag the sheat layer. The solutions

appear to be relatively insensitive to the value assumed for the vorticity

in the recirculatlse sms.

2. lAisl@ *f to 1 .. emat en
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have been obtained for the linear acoustic field in an entire engine. The

boundary condition at the inlet is given by a previous analysis of the normal

shock, completed in the first year of this program. Results for the amplitude

and phase distributions for the pressure field in the inlet agree satis-

factorily with measurements taken at the Naval Weapons Center. One example

of the amplitude distribution in the combustion chamber also shows fairly

good agreement with observations.

The representation we have used for unsteady combustion processes

is incomplete. As a result, all modes of oscillation are predicted to

be stable. This part of the problem must be improved during the coming

year.

These results were reported at the AIAA Aerospace Sciences Meeting

(January. 1983) and at the JANNAF Propulsion Meeting (February, 1983).

More recent work will be discussed at the 1983 JANNAF Combustion Meeting

and at the 1984 AIA Aerospace Sciences Meeting.

3. Analysis of Nonlinear Acoustics

Some of the effort during the first two years of this program was

devoted to approximate analysis of nonlinear behavior. Primarily, we

were concerned with problems relating to the existence and stability

of limit cycles. Some of the results obtained were reported at the 1983

AIAA Aerospace Sciences Meeting. More recent work will be discussed at

the 1984 ALA Aerospace Sciences Meeting. Support of that work has been

transferred to another program.

During the past year, we have carried out numerical analysis of the

behavior of a morml shock wow in a duct. The eyetual purpose Is to

represent the umsteady behavior of a shock, Including the effects

A* *
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of viscous boundary layers and shock/boundary layer interaction. To

date we have obtained good results for the steady and unsteady behavior

of a shock wave with no viscous effects; and for a steady shock wave

including viscous effects with attached boundary layers.

This work will be reported at the 1983 JANNAF Combustion Meeting.

4. Vortex Combustion with Finite Reaction Rates

High frequency instability, that is in the range of 2kHz or above,

almost always involves a chemical time delay as an essential feature in

the mechanism. This result has been documented thoroughly in reference

1. In the example of reference I the shear layer separating from the

sharp lip of the flame stabilizer is formed into a vortex and the time

delay is a rather complex competition between the flame straining during

the rolling-up process and the chemical reaction rates within the shear

layer that is being rolled up.

To examine this process, the combustion process in a vortex with

finite reaction rates has been carried out and appropriate amplification

ratios and time delays have been computed, reference 2. The results show

a growth rate over a time of the order of Tc where r c is the chemical

time that occurs in the laminar flaie speed SL - (Oh /)I, so that the

time delay of the pulse is of the order of this chemical time. The

amplitude of the pulse scales as r2/3a1/ 3 and, since r increases

directly as the through-flow velocity, becomes stronger for higher

velocities. The dimensionless representation of this growth pattern is

shown in figure 1.

The acoustic pulse generated by ths nou-steady combustion process

has been calculated for a two-dimansioel goestry, and is shown in

figure 2. This representation is shon in terse of the retarded time,
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t - r/a where r is the distance from the vortex core. The pressure

amplitude of the pulse scales as

2/3 1/3

(CI-), 0or a 1raL-T c

This result gives us the possibility of calculating whether such a

process, in a combustor of particular geometry, will or will not result

in unstable oscillations.

B. Experimental Work

During the third year of this program, we have been performing

experiments in a facility which has a blowdovn air-fuel system and a plenum

chamber about 50 cm long and 15 cm in diameter which supplies a combustible

gas to a combustion chamber. This chamber is a 2.5 by 7.6 cm in cross

section and one meter in length. It has glass windows on the 2.5 cm high

sides and pressure and other instrumentation ports on the 7.6 cm walls.

Flame holders designed to simulate some of the features of a dump burner

configuration spanning the 7.6 cm dimension are typically 15 to 20 cm long

and are located with the dump plane some 40 to 50 cm from the down stream

end of the combustion chamber.

We are studying combustion in this system with the instrumentation

mentioned above and a few results will be described here. First, for a

range of operating conditions, the combustion process is stable. Although

longitudinal pressure oscillations are present, they have a low amplitude

and only smell disturbances in the flmm front can be san in the photo-

graphs. The pressure waves have a frequency corresponding to a longitudinal

mode in the combustion chamber when it Is viewed as a duct closed at the

' i I ii
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upstream or flameholder end and open at the exit. The disturbances in the

flame front are located in the shear layer formed in the flow downstream

of the lip of the flame holder. They appear to us to be similar to the

growing vortices observed in a normal, isothermal shear layer which has

been perturbed by periodic acoustic disturbances. Thus at some distance

from the flame holder, the frequency at which the disturbances in the

shear layer pass a fixed point (as observed by the photomultiplier technique)

is equal to the frequency of the acoustic mode. This result is in keeping

with what we would expect from isothermal results.

In contrast, at other operating conditions, the flow is distorted

by self excited oscillations of large amplitude. This unstable mode is

characterized by the presence of large amplitude acoustic disturbances

and the shedding of large amplitude vortices from the flame holder lip.

The vortices grow to a scale equal to the height of the duct H by the

time they move 1H to 2H downstream of the lip.

The large amplitude acoustic disturbances appear to arise in our

system because of a resonance between the acoustic field and the combustion

process. A large amplitude pressure oscillation is produced in a resonant

cavity of the supply system or combustion chamber and the interaction of

this pressure field with the shear layer at the flame holder lip produces

the large vortices. Combustion in the vortices produces the nonsteady

pressure required to drive the cavity resonance. For example, the planum

chamber has a natural frequency of about 200 Hz. In one of the unstable

operating odes, the pressure in the combustion chamber has a dominant

frequency of 200 Vs end the vortices are shed at about 200 1: or every

5 milliseconds. We expect that the unsteady pressure perturbation produced
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by the vortex formation will occur within a few milliseconds and hence could

reinforce the pressure oscillation.

In support of this model we note that when the damping of the system

at 200 Hz is greatly increased (by placing steel wool in the plenum

chamber), this resonance is completely eliminated. The 200 Hz frequency

observed in this case is unaffected by substantial changes in the velocity

of the flow and, at certain speeds, by changes in the fuel-air ratio.

We are continuing to investigate this process to establish unambiguously

the relationship between the resonator, the vortex shedding process and

the combustion feedback mechanism. At present, it is clear that the process

depends on the gas speed, fuel-air ratio, and the geometry of the supply

duct and combustion chamber. In addition, we are also investigating

Instabilities which depend on the reflection of acoustic energy from a

nozzle contraction.
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Notation

a Acoustic velocity

i Reactant mass consumption rate per unit area in laminar flame front

p Gas Pressure

x Distance to point of pressure p

* Density ratio, unburned to burned gas

r Circulation of vortex shed by flame holder during oscillation.

Dimensions (length) 2/tiMe.

P Mass density of gas

a Thermal diffusivity of gas

Note: The thermal diffusivity o has the dimension of (length)2 /time

so that "aTT has the dimension of a velocity.
C

T Overall characteristic time of laminar flame reaction; it includes

all effects of mixture ratio, temperature, pressure, as well as

absolute chemical reaction rates.

A
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-Figure 1. The augmented fuel consumption rate
of the flame due to the presence of the vortex.
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Figure 2. The pressure pulse seen at a distance x

from the vortex, when x is large enough to lie In
the far field.
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VI. INTERACTIONS WITH INDUSTRIAL AND GOVERNMENT RESEARCH GROUPS

Professor Culick has maintained continuing contacts with two groups at

the Naval Weapons Center (Dr. K. Schadow and Dr. William Clark). A

sumary of their collaboration appeared in the proceedings of the Inter-

national Symposium on Air Breathing Engines (ISABE) in June 1983.

Professor Culick also continues exchange of information with groups at

Wright Field, the Johns Hopkins Applied Physics Laboratory, and the

McDonnell-Douglas Research Laboratory.

Professor Marble has a continuing association with NASA Levis in

the field of non-steady combustion, lean pre-mixed combustion and combustion-

related turbine cooling problems. In addition he spends some time each year

with the Gas Turbine Laboratory of the Massachusetts Institute of Technology

on problems of combustion, turbomachinery instability, and combustion

related turbine cooling problems. Professor Marble is a consultant to Northrop

Aircraft on propulsion and combustion problems.
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